Harmonic elastic constants of 3-11 bp duplex DNA fragments were evaluated using four 5 ns unrestrained molecular dynamics simulation trajectories of 17 bp duplexes with explicit inclusion of solvent and counterions. All simulations were carried out with the Cornell et al. force®eld and particle mesh Ewald method for long-range electrostatic interactions. The elastic constants including anisotropic bending and all coupling terms were derived by analyzing the correlations of¯uctuations of structural properties along the trajectories. The following sequences have been considered: homopolymer d(ApA) n and d(GpG) n , and alternating d(GPC) n and d(APT) n . The calculated values of elastic constants are in very good overall agreement with experimental values for random sequences. The atomic-resolution molecular dynamics approach, however, reveals a pronounced sequence-dependence of the stretching and torsional rigidity of DNA, while sequence-dependence of the bending rigidity is smaller for the sequences considered. The earlier predicted twist-bend coupling emerged as the most important cross-term for fragments shorter than one helical turn. The calculated hydrodynamic relaxation times suggest that damping of bending motions may play a role in molecular dynamics simulations of long DNA fragments. A comparison of elasticity calculations using global and local helicoidal analyses is reported. The calculations reveal the importance of the fragment length de®nition. The present work shows that large-scale molecular dynamics simulations represent a unique source of data to study various aspects of DNA elasticity including its sequence-dependence.
Introduction
Mechanical deformability of DNA is crucial in important biological processes such as speci®c DNA-binding to proteins, transcription regulation, or chromosome organization. The mechanical properties of DNA on different length scales may play a role, ranging from the¯exibility at the basepair level to the overall elasticity on length scales where DNA behaves as a continuous¯exible rod. Moreover, the way DNA responds to external forces may depend on the base sequence. It is now widely accepted that a speci®c sequence of nucleic acid bases determines a structure with unique physical properties. Investigation of sequencedependent mechanical properties of DNA is thus an important and challenging task.
Here, we restrict our attention to the linear elasticity regime where the elastic energy is a quadratic function of appropriate deformation variables (harmonic approximation). Thus the recently discovered non-linear phenomena connected with extreme stretching Rief et al., 1999; Smith et al., 1996) or twisting (Strick et al., 1998) are excluded from our analysis. However, most of the important biological functions of DNA occur within the linear regime, where the dependence of DNA behavior on the force constants can be rather dramatic (Ramachandran & Schlick, 1997; White et al., 1999) .
Extensive experimental information concerning the macroscopic (¯exible-rod) elasticity of DNA has been accumulated using various methods by which the values of isotropic bending persistence length and torsional rigidity have been obtained; see Hagerman (1988) for a review of earlier results. Recently, single-molecule manipulations (Baumann et al., 1997; Bouchiat et al., 1999; Bustamante et al., 1994; Cluzel et al., 1996; Smith et al., 1992 Smith et al., , 1996 Strick et al., l996, 1998; Wang et al., 1997) , electron microscopy (Bednar et al., 1995; Cognet et al., 1999) , or electron paramagnetic resonance (Okonogi et al., 1999) have been used to determine the bending persistence length. The single-molecule manipulation experiments enable us to measure, in addition, the DNA stretch modulus. Moreover, the technique used by Strick et al. (1996) allows us to keep DNA torsionally constrained and their results, after analysis (Bouchiat & Me Âzard, 1998; Kamien et al., 1997; Moroz & Nelson, 1997 , 1998 Nelson, 1998) , provide the values of the torsional rigidity and the twist-stretch coupling constant as well. This coupling parameter was also obtained by Marko (1997) based on data reported by Cluzel (1996) .
Two additional terms in the elastic energy expression, anisotropic bending and twist-bend coupling, have been considered, but no speci®c values of these constants have been proposed. All other couplings have been excluded for symmetry reasons (Haijun & Zhong-can, 1998; O'Hern et al., 1998) .
A possible sequence-dependence of the elastic constants is generally not considered in the abovementioned experiments. Fujimoto & Schurr (1990) did investigate the dependence of the torsional rigidity on the overall base composition, but concluded that this dependence was only rather weak.
Approaching the problem from the other side of the length-scale range, Olson et al. (1998) analyzed available crystallographic structures of DNA oligomers, including protein-DNA complexes, to obtain harmonic potential functions for six helicoidal parameters (shift, slide, rise, roll, tilt, and twist) of all ten unique base-pair steps. Their calculations are based on the assumption that different proteins as well as different sequence environments impose different forces on DNA base-pairs, so if many kinds of proteins and environments are taken into account, the resulting distortions will have a Gaussian distribution. The known relation between correlations of quantities having multidimensional Gaussian distribution and elements of the stiffness matrix (Landau & Lifshitz, 1980) then allows us to get the magnitude of the different force constants within an unknown multiplicative factor, the effective temperature.
Since the current experimental data on sequencedependent DNA elasticity in solution are rather limited, several groups have used simulation techniques to compute¯exibility parameters. One possible approach is the normal mode analysis, as used by Matsumoto & Go (1999) . They studied alternating AT and GC oligomers, both with 24 and 36 bp, and ®tted the simulated normal modes to the known bending and twisting normal modes of a homogeneous rod. They were, however, unable to calculate the stretch modulus, as no observed mode corresponded to pure stretching.
A different method consists of performing molecular mechanics studies with distance or twist restraints imposed on the simulated oligomer. The imposed stretch and/or twist are changed in small steps and the oligomer energy is calculated at every step, resulting in energy versus deformation pro®les. While this approach has been rather successful in investigating large DNA deformations (Cluzel, 1996; Konrad & Bolonick, 1996; Lebrun & Lavery, 1998) , its use for obtaining harmonic force constants is complicated by the fact that the corresponding energy changes are rather small. For example, only about 0.6 kcal/mol is needed to stretch a DNA decamer by 4.6 %, the reported harmonic limit (Smith et al., 1996) . In an early attempt, Poncin et al. (1992) investigated thē exibility of selected oligomers. Later, Flatters et al. (1997) used the same methodology to get the values of twisting and bending rigidity. Both studies were performed with the JUMNA program (Lavery et al., 1995) , a molecular mechanics algorithm where the solvent is modeled by a sigmoidal dielectric damping function.
The molecular dynamics (MD) technique, substantially improved in recent years (Miller et al., 1999) , has the advantage to allow simulations at non-zero temperature, with atomic representation of solvent and ions. It has been applied for studying DNA conformational features such as A-B transition (Feig & Pettit, 1998; Jayaram et al., 1998; Cheatham & Kollman, 1996) , bending caused by phased A-tracts , detailed hydration patterns (Feig & Pettitt, 1999) , migration of cations into DNA grooves (Young et al., 1997) , or effects of sequence polarity on curvature (Sprous et al., 1999) and properties of unusual nucleic acids structures (Spackova et al., 1999) . Considering these substantial methodological advances, it is very tempting to use the nanosecond-scale explicit-solvent simulations for investigating DNA elastic properties as well. Since the system is at non-zero temperature (typically 300 K), it is possible to analyze thermodynamic uctuations of suitable deformation variables and obtain force constants from their correlations, as mentioned above (Landau & Lifshitz, 1980) . While the ensemble root-mean-square deviations (rmsd) of helicoidal parameters have frequently been reported in molecular dynamics papers, we believe that Bruant et al. (1999) were the ®rst to convert them to force constants. They performed four 1 ns simulations on two 15 bp oligonucleotides and calculated the isotropic bending and twisting rigidity as well as the stretch modulus using the equipartition principle. This is equivalent to the above-mentioned method of correlations if all the cross-correlations (and energy cross-terms) are assumed to be zero. For describing the¯uctuating parameters, Bruant et al. used a coordinate system inspired by Brownian dynamics models, which are applied on much larger length-scales (Chirico & Langowski, 1994; Klenin et al., 1998) . They obtained reasonable agreement with experiment for bending and twisting constants, while the stretch modulus was much higher than expected from the macroscopic experiments.
For a full parameterization of the elastic potentials, it is essential to include the cross-terms, since they may be necessary to properly describe the elastic behavior. Moreover, the cross-correlations might substantially in¯uence the values of bending, twisting, and stretching rigidities (Olson et al., 1998) . It is important to estimate the values of cross-term force constants and to check which of them could possibly be neglected. Second, the DNA bending is known to be anisotropic, at least at the base-pair level (Olson et al., 1998; Zhurkin et al., 1979) , so the parameterization should cover this feature as well. In addition, it is necessary to check how the elastic properties depend on the fragment length. Different sequences should be studied, including those with high GC content. It is also advisable that the portions of molecular dynamics trajectories used for analysis exclude the initial part where some of the major equilibration transitions might take place (e.g. the A-B transition occurs within hundreds of picoseconds (Cheatham & Kollman, 1996) , the time by which also the rmsd from the initial structure stabilizes ). Another point of concern is the choice and de®nition of the deformation variables.
In the present study, we performed four 5 ns molecular dynamics simulations on the following 17 bp DNA oligomers: GCG(A) 11 GCG, GCG(A-T) 5 AGCG, (GCG(G) 11 GCG, and GCG(CG) 5 CGCG, which we denote respectively by AA, AT, GG, and GC. The last 4 ns of each trajectory were analyzed by computing correlations of the deformation variables. The de®nition of the deformation variables is based on the Curves algorithm, which has the unique property of calculating an optimal, global helical axis (Lavery & Sklenar, 1988 , 1989 . Elastic constants for stretching, twisting, and anisotropic bending, as well as all the cross-terms like twiststretch and twist-bend coupling, were obtained. We restricted our analysis to the central 11-mers of each oligonucleotide, and calculated the constants for all the sub-fragments from trimers to 11-mers in order to study the dependence on the fragment length.
Results and Discussion
Stretching, twisting, and bending Elastic properties were calculated for the central 11 bp part of the simulated oligonucleotides considering all possible fragments with lengths in the range of 3-11 bp. It means we have nine different trimers, eight tetramers, etc. Elastic constants for different fragments of the same length were then averaged. The results for the 11 bp fragments are summarized in Tables 1 and 2 .
Figure 1(a) shows the dependence of the stretch modulus Y f on the fragment length. We note ®rst that the values are all close to the experiment, which gives typically Y f between 1000 and 1400 pN (Baumann et al., 1997; Bouchiat et al., 1999; Smith et al., 1996; Wang et al., 1997) . Nevertheless, we obtain clearly pronounced differences among the various sequences. The AA stands out as the stiffest, with 1564 pN for the 11-mer, while GG with only 784 pN is the most¯exible. The alternating sequences, AT and GC, are both very close to 1100 pN. The stretch modulus can also be expressed in units of length after division by " o 0 2 kT (Nelson, 1998) . Thus 1100 pN corresponds to 78 nm.
The results for the twisting rigidity C are shown in Figure 1 (b). Here, GG and AT have a twist persistence length of around 125 nm, while GC remains at about 100 nm. In the case of AA, the twist rigidity is observed to decrease almost linearly for bigger fragment lengths, resulting only in a 60 nm twist persistence length for the 11-mer. The other twist rigidities are all higher than the widely used value of about 70 nm. However, Moroz & Nelson (1997) analyzed the single molecule experiments of Strick et al. (1996) on torsionally constrained DNA and found the intrinsic twist rigidity to be as much as 120 nm. A further re®ned analysis gave 109 nm (Moroz & Nelson, 1998) . Moroz & Nelson argue that on twisting a long¯uc-tuating ®ber, part of the excess linking number is absorbed into bending¯uctuations, i.e. into the writhe, so the observed twist rigidity is lower than the intrinsic one.
Our ®nding that the twist rigidity of AT is higher than that of GC is in line with the results of normal mode analysis (Matsumoto & Go, 1999) . While their values as such are much higher than expected, they found the ratio of the twist rigidities for AT and GC to be 1.9 for 24-mers and 1.25 for 36-mers, close to our value of 1.26. The data of Olson et al. (1998) con®rm this ®nding. We can consider our AT fragment to be a stack of AT and TA base-pair steps and estimate the twist rigidity as a harmonic mean of the base-pair step values provided by Olson et al. (1998) , then proceed similarly for GC. The ratio is 1.19. Fujimoto & Schurr (1990) AA  1564  60  92  81  107  AT  1079  123  85  102  74  GC  1121  98  99  117  85  GG  784  126  92  112  78 with one exception, did not differ by more than a factor of 1.23. The simulations used by Bruant et al (1999) comprise two oligomers, (TA) 3 A 3 and T(A) 8 . Their twist rigidities are 30 and 37 nm respectively for B-DNA starting structures, much lower than we ®nd here.
As far as the fragment length-dependence is concerned, in most cases an initial increase in stretch or twist rigidity is observed, which culminates at about 5 bp and is followed by a stabilization or slight decrease of the values. The twist rigidity of GG behaves somehow differently, and the case of AA has been mentioned above. The most peculiar behavior, however, is exhibited by GC, with rather abrupt changes in stretch modulus and two plateaus in twist rigidity. Figure 2 shows the anisotropic bending constant A 1 that describes the bending¯exibility in the groove direction of the central base-pair, and A 2 for the perpendicular direction. The isotropic bending constant A 150 , also shown in Figure 2 , is de®ned through the harmonic mean 2/A iso 1/A 1 1/A 2 . Assuming for a moment that the bends are not correlated to each other or to the other deformation variables, it follows from equations (1) and (4) (see Methods) that a 1 2 L 0 /A 1 , a 2 2 L 0 /A 2 , and since a 2 a 1 2 a 2 2 we see that A iso would be the bending constant of an isotropic rod with the same a 2¯u ctuations as the ani- Figure 1 . Dependence of (a) the stretch modulus and (b) the torsion rigidity on the fragment length. AA (circles), AT (squares), GC (diamonds), and GG (triangles).
sotropic fragment under study. Since the correlations are, in general, small, this is approximately true in our case with correlated deformation variables.
We see in each case a clearly pronounced bending anisotropy: it is about twice as easy to bend a trimer into the grooves of its central base-pair than in the perpendicular direction. This anisotropy disappears at about half the helical pitch, as one could expect if one imagines the DNA simply as a stack of twisted base-pairs (the twist is, in general, underestimated in the AMBER simulations; the helical pitch in our case is about 11 to 11.5 bp). Longer fragments become anisotropic again but not to such an extent, and we can expect the anisotropy to fade out as the fragment length is increased.
By contrast, the isotropic bending rigidity A iso changes only slightly with the fragment length, and does not depend very much on the sequence. The values for an 11-mer all lie between 85 and 98 nm, three of them even between 92 and 98 nm. However, the AT does stand out as the most¯ex-ible. This is in line with the ®ndings obtained by Munteanu et al. (1998) based on a trinucleotide model. On the other hand, the extremely low bendability of AA they predict is not reproduced by our calculations. The normal mode analysis used by Matsumoto & Go (1999) did not show any clear differences between AT and GC alternating sequences. Bruant et al. (1999) reported a value of 109 nm for the``TATA'' oligomer and 126 nm for the``TAA'', a difference of about 15 %. It thus seems that the sequence-dependence of isotropic bending rigidity might be rather small.
It should be noted that our simulations as well as those of Bruant et al. give the dynamic persistence length, which has a much higher value than the total persistence length. The consensus value of the latter is about 50 nm in high salt (Baumann et al., 1997) . Schellman & Harvey (1995) estimated the dynamic persistence length to be 75 nm. Recent electron paramagnetic resonance experiments (Okonogi et al., 1999) suggest that on the submicrosecond time-scale it can be as high as 150-170 nm.
It has been suggested for a while that base-stacking can be a major factor determining the rigidity of duplex DNA (Hagerman, 1988) . Recently, Haijun et al. (1999) predicted the stretching (also in the non-linear regime) and undertwisting behavior of DNA with a model whose energetics are based on stacking interactions. Crystal database studies prove that base-stacking is the dominating energy contribution, at least during vertical extension or compression of the structure (Sponer & Kypr, 1993b) . Effective vertical separations of consecutive base-pairs in individual steps of high-resolution X-ray structures are always optimized irrespective of the values adopted by the remaining base-pair step parameters (Sponer & Kypr, 1993b) . This is the result of a substantial deterioration of stacking energy that would accompany any pure vertical compression or extension of DNA base-pair steps Sponer & Kypr, 1993b) . Thus, the base-pairs respond to the vertically oriented forces and/or movements by adjusting the remaining conformational parameters to re-gain the optimal base-stacking energy. These local conformational adjustments are able to eliminate the major fraction of the stacking energy losses when introducing deformations around the relaxed structure (presumably the``linear region''), This leads, for example, to the correlation between verticaldisplacement parameter rise and rotational parameters in¯uencing the effective contact of basepairs, such as roll and cup (Sponer & Kypr, 1993a) . The actual interconnection among various geometrical parameters is, however, very complicated. The large-scale unrestrained MD simulations utilized in the present study should be able to fully capture the interrelation between stacking energy and the local parameters in a genuine way and we believe that this is one of the major advantages of our approach.
In order to properly include the stacking effects we have to utilize a realistic potential function. Recent quantum-chemical calculations with inclusion of electron correlation effects provided accurate estimates of the stacking energy in stacked nucleobase dimers (Sponer et al., 1996c) as well as in standard and crystal B-DNA conformations (Sponer et al., 1996a (Sponer et al., ,b, 1997 . It has been demonstrated that the base-stacking terms described via the Cornell et al. (1995) force-®eld are in an encouraging agreement with the reference quantum-chemical data and we assume the Cornell et al. force-®eld to be superior to other currently used DNA force-®elds in this respect. Therefore, the base-stacking effects are well reproduced during our simulations.
Actually, the calculated elastic properties seem to qualitatively correlate with stacking properties of different base-pair steps. The GpG B-DNA step is characterized by an anomalously weak stacking energy despite the rather large overlap of bases characteristic for PuPu steps . This is caused by a large intrastrand electrostatic repulsion in CC and GG intrastrand homo-dimers, associated with the large dipole polarity of both bases and their almost parallel arrangement in the PuPu dimer. This leads to a considerable molecular dipole -molecular dipole repulsion . In fact, crystallographic studies show that GG sequences (G-tract) (Ng et al., 1999) have unique structural properties opposite to those known for A-tracts. G-tract appears to be very¯ex-ible and extensively sampling the conformational space between B and A-DNA forms. The mutual displacement of stacked bases towards A-form may be related to improvement of electrostatic stacking energy in GG sequences. Weak stacking and intrastrand electrostatic repulsion in G-tracts can also explain the anomalously high opening rates in the G-tract regions (Dornberger et al., 1999) . We believe that unusual stacking properties of GG sequence explain their distinct elastic properties observed in our simulations, especially when contrasting the GG and AA sequences. The large stretching rigidity derived for the AA sequence is in agreement with the general view that this sequence is rigid. Besides the very good intrastrand stacking and large propeller twist, rigidity of ApA could be related to a wellorganized hydration spine in the minor groove, partial intrusion of monovalent cations into the groove, or perhaps a formation of three-centered interstrand hydrogen bonds. The above-mentioned relation AT > GC in twist rigidities may be in accordance with base-stacking, since the CpG and GpC steps are characterized by large mutually compensating intrastrand and interstrand stacking contributions, have been suggested to allow rather large mutual movements of the base-pairs while preserving favorable stacking interaction . On the other hand, crystal structure database studies suggest that the ApT step is rigid, though the origin of its rigidity is not clear. This step is characterized by a formation of close N6-N6 amino group contact in the major groove with an average N6-N6 distance around 3.15 A Ê (Luisi et al., 1998; Sponer & Hobza, 1994) . Work is in progress in our laboratory to extend the simulations considerably and to extract a detailed picture of Sequence-dependent DNA Elasticity molecular interactions and hydration in the studied oligomers, in order to further rationalize the sequence-dependence of the elastic properties revealed by the simulations.
The coupling terms
The experiment by Strick et al. (1996) clearly demonstrated that stretch and twist of DNA are coupled. Kamien et al. (1997) analyzed this experiment and obtained the value of 12 nm for the twist-stretch coupling D. In an independent study, Marko (1997) analyzed unpublished results of Cluzel (1996) and found a similar value of 16 nm. Our results for AA and GG (15 nm and 18 nm respectively) are very close to these values (see Table 2 and Figure 3) , while AT and GC exhibit somehow smaller D of 4-5 nm. The data from Strick et al. were later subjected to further analysis (Moroz & Nelson, 1997 , 1998 and the values of 50 nm and 67 nm, respectively, were obtained, but the authors warn that this estimation is only rough. performed a symmetry analysis to discuss other possible couplings (they did not consider stretching deformations). They argued that DNA is symmetric with respect to a 180 rotation around the direction of the grooves, a feature identical with the well-known pseudodyad symmetry (Saenger, 1984) . Since such a rotation transforms the molecule into one with identical elastic properties, the deformation energy must not depend on the sign of bending angle perpendicular to the grooves.
The pseudo-dyad axis of a regular oligomer passes through the central base-pair. So, if our fragments are regular, all the terms in the energy function (equation 1) linear in (a 2 À a 20 ), i.e. A 12 , A 2t , and A 2 s , should be zero. Even if the fragment is not perfectly regular, we should expect them to be small. We see in Table 2 that they are much smaller than the diagonal terms Y f , C, A 1 and A 2 , yet not always smaller than D. In particular, the small value of A 12 means that the two bends are uncoupled, thus the grooves direction of the central base-pair and the perpendicular one are very close to the principal axes of the fragment's bending rigidity tensor. We note further that A 1s is small as well, so the stretching is virtually uncoupled from bending.
In contrast, A 1t is, with the exception of GC, much higher than the other couplings and its value is comparable to the diagonal terms. Therefore, twist and bend into the grooves of the central base-pair are strongly coupled. This corresponds to the twist-bend coupling predicted by . They claim that for DNA with pseudo-dyad symmetry this term should disappear once the full helical turn is completed, and we indeed observe its decrease as the fragment length approaches 11 bp. Therefore we report in Table 2 the A 1t and A 2t values for 6 bp fragments instead. The initial increase of A 1t with the fragment length might be connected to the increase of the diagonal force constants mentioned above. The A 1t coupling is well known on the base-pair step level: it corresponds to the strong anticorrelation between roll and twist observed in crystallographic data (Gorin et al., 1995; Olson et al., 1998) .
Comparison with a local approach
In the previous analysis we used the helicoidal parameters computed by Curves with respect to the global helical axis, and de®ned the length of a piece of DNA as the length of the corresponding axis segment. Here, we present the results obtained with a local helical analysis program. It has been shown recently that the differences in helicoidal parameters provided by various conformation analyzers depend much more on the particular choice of the reference frame than on the mathematical procedures. While Curves is able to compute local helicoidal parameters as well, we decided to choose the SCHNAaP program instead (Lu et al., 1997) which adopts the CEHS algorithm (El Hassan & Calladine, 1995) because its local reference frame is substantially different from that of Curves. Therefore, we could expect possible differences to be magni®ed.
The resulting elastic constants are shown in Tables 3 and 4 . One immediately sees the dramatically higher stretch modulus when compared to the global approach. The values resemble those reported by Bruant et al. (1999) , who calculated about 2700-4000 pN for the various cases they studied using a completely different reference frame. This suggests that the high values of the stretch modulus are not caused by a particular choice of the reference frame but stem from the fundamental difference between the global and local approach.
The values of the twist rigidity are also higher. This, however, is not caused exclusively by the decrease of twist¯uctuations themselves. In fact, the twist¯uctuations do not differ much from those given by Curves (data not shown). What makes the difference is the very strong anticorrelation between stretch and twist, as re¯ected in the high twist-stretch coupling constant D. So the low twist rigidities computed by Bruant et al. (1999) might be connected to the fact that they did not consider any cross-correlations. Looking at the isotropic bending rigidities, we see that they differ only slightly from each other as well as from the Curves values. The range is about 80-98 nm, AT being again the softest. In addition, the twist-bend coupling A 1t is similar in both analyses, and A 12 is again small. The reason probably is that the way bending is assessed (measuring the angles of the normal vectors at the fragment ends with respect to its center) is similar in both approaches.
It thus seems that the source of the sharp differences in some elastic constants (in particular in the stretch modulus, twist rigidity and twist-stretch coupling) obtained by the global and local method lies in the different way the fragment length is de®ned. While in the local case the distances between base-pair centers are simply summed, the global procedure resembles by nature a leastsquares method: the global axis smoothens local movements and may better re¯ect the behavior of the fragment as a piece of elastic continuum.
Limitations of the method
An obvious limitation is the relatively short trajectory length reachable by all-atom molecular dynamics, which certainly leaves many areas of the conformational space unexplored. Second, equation (2) on which our method is based assumes that the system under study is macroscopic in the sense that the energy of its interaction with the surroundings is small in comparison with its internal energy (Landau & Lifshitz, 1980) . This might be violated for small systems like ours. In that case, the interaction energy would substantially in¯uence the energy levels of the fragment, so its properties would depend on the surroundings, in particular on the sequence environment. Moreover, the movements of individual base-pairs could be correlated over short distances, causing a length-dependence of some elastic constants. Looking at the fragment-length dependence of the elastic constants in Figures 1-3 , we see that in many cases they exhibit an initial change up to the length of about 5 bp. While we cannot directly study the in¯uence of the surroundings here, we could estimate that 5 bp is the distance over which the basepair movement correlations decrease. However, there might be signi®cant exceptions, like the AA twist in our case.
On the other hand, if the fragments are very long, then hydrodynamic interactions with the solvent may become important, and the solvent as a viscous¯uid could in¯uence the fragment motions. While the equilibrium distribution of the fragment shapes (and of our deformation variables) cannot depend on non-equilibrium (transport) properties like solvent viscosity, the fact that the solvent is viscous does in¯uence the relaxation time in which this equilibrium is reached.
If the hydrodynamic interactions were absent, one could estimate an``elastic'' relaxation time as the time necessary for the elastic waves to propagate along the fragment. This can be readily calculated (Landau & Lifshitz, 1986) . We found these times to be less than 10 ps for stretching, bending, as well as torsional waves, so this is not a limiting factor.
The situation changes when solvent viscosity is taken into account. In order to estimate hydrodynamic relaxation times, consider our oligomer as a damped oscillator. The oligomer will be modeled as two solid cylinders connected by a spring. Each of the cylinders has the DNA radius r 1 nm and the length of L 0 , half the equilibrium length of the oligomer (we take L 0 2.72 nm, corresponding to an 8 bp fragment with the standard helical pitch of 3.4 nm). For the sake of symmetry, one can investigate only one of these cylinders. In the case of stretching, assume the cylinder attached to a spring corresponding to the stretch rigidity of DNA and immersed into a¯uid with viscosity Z. For bending motions, consider the above-de®ned cylinder rotating about a pivot at its end, with rotation axis perpendicular to the axis of the cylinder. In the pivot is a torsional spring with the DNA's isotropic bending rigidity. Finally, to deal with twisting we assume the cylinder rotating around its axis and attached to a torsional spring. In all cases, the oscillator's behavior is described by the equation:
with eigenvalues: Sequence-dependent DNA Elasticity
The expressions of y, M, z and K are summarized in Table 5 . In all the three cases, the oscillator is overdamped. We estimate the hydrodynamic relaxation time as the relaxation time of the oscillator, i.e. the inverse absolute value of the smaller eigenvalue:
Since in our case always z 2 44 MK, we can write:
and the relaxation time becomes simply t z/K. Taking Y f 1100 pN, A iso C 100 nm, the mass of the cylinder (8 bp steps) m 0.8e À23 kg and the water viscosity Z 0.01 poise, we obtain the relaxation time of 130 ps for stretching, 220 ps for twisting, and 570 ps for bending, all well below our simulation times. The stretching and twisting relaxation times both scale with the square of the fragment length. However, the bending relaxation time scales with the fourth power of the fragment length. This suggests that the hydrodynamic relaxation of bending motions may be relevant if one performs short molecular dynamics simulations of long DNA fragments.
Conclusions
We performed 5 ns explicit-solvent molecular dynamics simulations on four different oligomers and analyzed thermodynamic¯uctuations of appropriate deformation variables to obtain harmonic elastic constants, including all cross-terms, for fragments 3-11 bp long. The obtained values generally agree with the experiment; nevertheless, signi®cant sequence-dependent differences have been observed.
The global helicoidal analysis revealed the AA homopolymer to be the most resistant to stretching, with the Young modulus Y f of nearly 1600 pN, while GG is the most¯exible, with Y f only about a half of the AA value. The differences in the twist rigidity C divide the oligomers into two groups: we found C around 125 nm for AT and GG, but less than 100 nm for AA and GC. Among the cross-terms, the coupling between twist and bending to the grooves is the most important: the corresponding coupling constant can be as high as 50 nm for a 6 bp fragment, but decreases once the The anomalously low stretching rigidity of GG is likely to be associated with unfavorable electrostatic stacking energy of GpG B-DNA steps, which leads to large structural¯uctuations.
It has been found that the de®nition of the fragment length plays a crucial role in the analysis. A local helicoidal analyzer detects the motions of one base-pair with respect to another, which may be necessary for understanding detailed DNA behavior. The global approach of Curves, on the other hand, seems to better reproduce the dynamics of the fragment as a whole and give results closer to macroscopic experimental values.
We estimated the hydrodynamic relaxation times (see above) characteristic for establishing the equilibrium between the fragment and the solvent. This phenomenon may play a role when performing short-time molecular dynamics on long fragments, because the damping may obscure the real pattern of large-scale movements, especially the fragment bending. The equilibrium distribution of the fragment shapes cannot depend on the viscosity any more.
Our study shows that state of the art all-atom MD simulations with explicit inclusion of solvent and counterions represent a unique tool to evaluate the elastic properties of nucleic acids at atomic resolution level and with a detailed insight into their sequence-dependence. Elasticity analysis may become one of the standard tools supplementing large-scale MD studies, providing additional valuable information about the DNA properties at a semi-macroscopic level. Our results should further encourage the experimentalists to investigate the sequence-dependent elasticity of DNA, which is an essential contribution in many functions of nucleic acids. It will be very tempting to correlate the elastic properties as revealed by this simulation with other structural details such as hydration and counterion distribution and we are working intensely in this direction.
Methods

Molecular dynamics simulations
As the ®rst step, isothermal-isobaric (NPT) ensemble molecular dynamics simulations were performed on each of the four 17 bp duplex oligonucleotides together with water and neutralizing counterions. The simulations were performed using the AMBER 5.0 package with Cornell et al. (1995) force-®eld. In all cases, canonical B-DNA was chosen as the starting structure. To maintain charge neutrality, 32 sodium counterions were added, and the system was hydrated by water molecules to ®ll a rectangular box. The box dimensions were chosen to achieve a minimum distance of 10 A Ê from all DNA atoms to the walls, resulting in a box of approximately 41 A Ê Â 41 A Ê Â 78 A Ê with about 4200 water molecules. The starting con®gurations were then equilibrated through a series of energy minimizations and short MD runs, followed by heating the system to 300 K. Electrostatic interactions were treated by the particle mesh Ewald method. Translational and rotational degrees of freedom were removed every 10 ps. The total length of each trajectory was 5 ns, snapshots were taken every 2 ps. The counterion concentration, based on the box volume, is about 0.4 M.
Deformation variables
Each snapshot was analyzed by the Curves conformation analysis program (Lavery & Sklenar, 1988 , 1989 , which measures helicoidal parameters with respect to an optimal, global helical axis. The axis is, in general, curvilinear and is constructed by minimizing a sum of quadratic terms, which quantify both the irregularities in the helicoidal parameters between successive bases and the kinks between helical axis segments. The procedure thus tries to simultaneously satisfy two opposing demands, the minimal variation in helicoidal parameters from base to base, and minimal deviation of the helix axis from a straight line.
Once the helicoidal description of an oligonucleotide is available, one has to choose suitable variables to measure the deformation. As mentioned in the Introduction, we investigated all the fragments of the central 11 bp portion, starting from trimers. For each of them, we de®ne four variables: the fragment length, its twist, and two angles describing its bending into the grooves of the central base-pair and in the perpendicular direction.
The fragment length, L, is de®ned as the sum of helical axis segment lengths (P i À 1 P i ), the twist, o, is given by the sum of twists of the fragment base-pairs as measured by Curves. In order to measure the bending, we ®rst use the fact that Curves draws a line between the terminal axis points of the whole oligomer, looks where this line intersects the plane perpendicular to the helical axis at each base-pair, and reports the angle by which the vector V, pointing into the major groove of that basepair, is rotated with respect to the intersection. From this, V for each base-pair except the terminal ones can be reconstructed. Suppose we have calculated V for the central base-pair of a fragment under study (for a fragment with even number of base-pairs one can take the average Table 5 . Parameters of a damped oscillator
L 0 is the cylinder length, m is its mass. For 8 bp steps (half the oligomer length) L 0 2.72 nm and m 0.8e Á 10 À23 kg. r 1 nm is the DNA radius. The damping constants for stretch and bend are based on Doi & Edwards (1986) , for the twist damping the formula from Chirico & Langowski (1994) was used. The relaxation time can be estimated as t z/K (see the text).
V from the two central ones). The normal vectors for the ®rst and last base-pairs of the fragment, U 1 and U N (also reported by Curves), de®ne the plane of bending with the normal vector V N U 1 Â U N . These and the following geometrical de®nitions are illustrated in Figure 4 . To measure the bending direction, we de®ne a local coordinate system in a plane r whose normal vector V nr bisects the angle between U 1 and U N :
Then the projection of V onto r is:
This projection, normalized to unity, forms the ®rst vector of the coordinate system,V r V Ä r /jjV Ä r jj. It represents the direction of the grooves at the central base-pair. The second coordinate vector, W r V nr Â V r , points to the direction perpendicular to the grooves. Now the vector H V n Â V nr lies in the intersection of the plane of bending with the plane r and the bending direction is described by the angle f, de®ned by cos f H ÁV r and sin f H Á W r . The total bending angle a arccos(U 1 Á U N ) can be decomposed into a 1 , the angle of bending into the direction of the grooves (with positive values for bending into the major groove), and a 2 in the perpendicular direction. For small a one can write a 1 a cos f, a 2 a sin f, a 2 a 1 2 a 2 2 .
Energy function and correlation analysis
Due to thermal motion, the fragment changes its size and shape and the variables, o 1 , a 1 , a 2¯u ctuate around their equilibrium values, L 0 , o 0 , a 10 , and a 20 . We denote by E el the free energy change of the system due to such a deformation. The most general expression of E el in second order of the deformation variables is:
where k is the Boltzmann constant, T is the absolute temperature. The distances and angles are interconverted in a natural way through the factor " o 0 2p/l 0 , where l 0 3.4 A Ê is the standard helical pitch. The stretch modulus Y f has the dimension of force, all other elastic constants are in units of length. The de®nition of the twiststretch coupling D is identical with that offered by Kamien et al. (1997) and Nelson (1998) , the other crossterms are de®ned in an analogous manner. None of the cross-terms is a priori assumed to be zero.
Since E el is the minimum work necessary to deform the fragment out of equilibrium, the probability of such a¯uctuation is (Landau & Lifshitz, l980) :
De®ning the vector x ((L À L 0 ), (o À o 0 ), (a 1 À a 10 ), (a 2 À a 20 )), we can rewrite equation (2) in matrix form:
where F is the stiffness matrix comprising the coef®cients in equation (1). The elements of the matrix F À1 inverse to F are equal to the correlations of the elements of x:
This relation is a corollary of the fact that x has a multidimensional Gaussian distribution (equation (3)), and is independent of the physical nature of x (see Landau & Lifshitz (1980) for proof). The ensemble correlations of the deformation variables, i.e. the left side of equation (4), are obtained from the simulations, and the elastic constants are then calculated by inverting the matrix F À1 . Sequence-dependent DNA Elasticity
